Background: Large outbreaks of measles occurred in the Philippines in 2010 and 2011. Genetic analysis was performed to identify the genotype of measles virus (MeV) that was responsible for the large outbreaks. Methods: A total of 114 representative MeVs that were detected in the Philippines from 2008 to 2011 were analyzed by sequencing the C-terminal region of nucleocapsid (N) gene and partial hemagglutinin (H) gene and by inferring the phylogenetic trees.
Background
The measles virus (MeV) is a highly contagious pathogen, which causes a disease in humans characterized by prodromal symptoms that include high fever, cough, runny nose, conjunctivitis, and tiny white spots on the inside of the mouth before the onset of rash [1] . MeV belongs to order Mononegavirales, family Paramyxoviridae, genus Morbillivirus and contains nonsegmented singlestranded RNA genome of negative polarity that is 16 kb in length [2] . The genome codes for six viral proteins namely; hemagglutinin (H) and fusion (F) glycoproteins, matrix (M) protein, nucleocapsid (N) protein, phosphoprotein (P), and large polymerase (L) protein [2] . The C-terminal hypervariable region of the N gene (N-450) or the full length H gene is used in the genetic characterization of MeV and monitoring of measles control programs [3] . To standardize the nomenclature of MeV, the World Health Organization (WHO) established a systematic classification of the genetic characteristics of wild-type viruses [4] .
Vaccination remains the first line of defense for measles virus infection. Before the introduction of measles vaccine in the 1960s, the disease was responsible for millions of deaths per year worldwide [1] . In the Philippines, the monovalent measles vaccine was introduced in 1983 and the trivalent vaccine composed of measles, mumps, rubella (MMR) was introduced in 1990 [5] . Supplementary immunization activities (SIAs) were conducted in the country in 1998 (coverage 85%); 2004 (95%); 2007 (95%), and 2011 (84%) [5] . Before the introduction of nationwide mass measles vaccination campaign in the Philippines, the estimated deaths among children caused by measles was about 6,000 [6] .
To measure the country's progress towards measles elimination and monitor the effectiveness of mass vaccination campaigns, regular surveillance is carried out by the Department of Health. Laboratory confirmation of suspected measles cases is conducted at the Research Institute for Tropical Medicine (RITM) in Metro Manila by detecting measles-specific IgM antibody [7] . However, genetic analysis is not performed routinely so there is limited information on the current circulating strains. Previous reports showed that the number of measles was reduced in 2005, after a nationwide mass vaccination campaign in 2004 [6] , and genetic analysis of samples collected between 2000 and early 2008 showed that the circulation of an endemic D3 genotype was interrupted and was replaced by an imported D9 genotype in 2007 [8] . However, measles outbreak were reported in the Philippines in 2010 and 2011 [5] . This study was conducted to determine if a new genotype was responsible for the measles outbreaks in 2010 and 2011. This study also aimed to characterize the molecular evolution and geographic distribution of genotypes of measles virus in the Philippines.
Results

Epidemiology of measles in the Philippines
The number of reported confirmed cases and incidence of measles in the Philippines from 2008 to 2011 were obtained from the WHO regional and country profiles of measles elimination report ( Figure 1 ) [5] . Significant increase of measles cases was reported in the Philippines in 2010 and 2011, which showed a 7-fold increase in the incidence rate of 69.1 per 1 million population in 2011, when compared with the data in 2008. The number of deaths attributed to measles also increased from 8 deaths in 2008 to 28 deaths in 2011 [5] .
During the study period, a total of 7,437 IgM ELISApositive samples were collected at RITM and of these, 565 samples were selected and tested for PCR assay using primers specific for the N and H genes (Table 1) . Results showed that of the 114 samples that were tested positive by PCR, 25 and 99 samples were positive for N and H genes respectively.
Phylogenetic analysis of MeV in the Philippines
Phylogenetic analysis of the 450-nt C-terminal hypervariable region of N gene showed that the 2008-2011 MeVs in the Philippines belonged to two genotypes, D9 and G3 (Figure 2a ). Of the 25 representative N gene sequences analyzed, 23 samples (92%) clustered with the genotype D9 reference strain (92% bootstrap value) and 2 samples (8%) clustered with the genotype G3 reference strain (87% bootstrap value). Similar clustering was observed using the Bayesian Markov chain Monte Carlo (MCMC) method with posterior probability values of 1.0 and 0.99 for genotypes D9 and G3 respectively (Additional file 1: Figure S1 ). The two cases of genotype G3 in the Philippines formed a separate group and did not cluster with MeVs from other countries.
Pairwise distance analysis of N gene showed high sequence similarity between Philippine strains and reference strains from other countries (Additional file 2: Table  S1 ). Three Philippine strains (Batangas/PHL/10.11, Zamboanga del Sur/PHL/49.10, Manila/PHL/39.10) exhibited 100% sequence similarity with 1 strain in Canada (Saskatchewan.CAN/40.11), 1 strain in the USA (Texas. USA/5.11), and 6 strains in Japan (2010) (2011) . Another Figure 1 The number of reported cases and incidence of measles in the Philippines, 2008 Philippines, -2011 . Gray bars represent the number of confirmed cases of measles and black line represents the incidence rate of measles per one million population. The data was obtained from the WHO report on the regional and country profile of measles elimination in the Philippines [5] . Figure S2 ). Of the 99 representative H gene sequences analyzed, 93 samples (94%) grouped together with the genotype D9 reference strain (73% bootstrap value) and 6 samples (6%) grouped together with the genotype G3 reference strain (96% bootstrap value).
Analysis of the partial H gene sequence of the 6 cases of genotype G3 MeVs in the Philippines showed similar clustering with the N gene phylogeny (Figure 2b 
Molecular evolution of MeV in the Philippines
The molecular evolution of the N gene of the MeVs in the Philippines was analyzed using MCMC method. Results showed that the mean nucleotide substitution rate of N gene is 2.78 × 10 −3 [95% highest posterior density (HPD) interval: 7.2 × 10 −4 to 4.96 × 10
] substitutions per site per year, which was estimated using the uncorrelated lognormal relaxed clock-constant population growth model combination that was determined as the best-fitting model ( Figure S1 ). Bayesian skyline plot analysis of H gene of genotype D9 MeV in the Philippines showed an increase in genetic diversity in 2010 and peaked in 2011 (Additional file 5: Figure S3 ).
Discussion
Large outbreaks of measles were reported in the Philippines in 2010 and 2011 [5] . Genetic analysis showed that genotype D9 MeV was responsible for these large outbreaks in the country. From 2000 to 2004, genotype D3 was endemic in the Philippines [8] . The transmission of endemic genotype D3 MeVs was interrupted after a mass vaccination campaign in 2004 [6, 8] . Since 2005, genotype D3 has not been detected in countries belonging to the WHO Western Pacific Region [16] . In 2007, sporadic cases of genotypes D9 and G3 virus infections were detected in the country [8] . In this report, genotype D9 became the predominant strain in the Philippines in 2010 and 2011.
Genotype D9 was described first in Australia in 1999, which was an imported case from Indonesia [17] . Outbreaks of genotype D9 in Indonesia and Malaysia during the same period may suggest that D9 was endemic in these countries [17] . In 2002, a large measles outbreak occurred in Venezuela and spread to Colombia, where the index case developed measles after returning from a trip to Europe [18] . Sequence analysis revealed a close match with the imported MeV in Australia in 1999 [18] . In 2004, a measles outbreak occurred in a junior high school in Japan that was caused by genotype D9, which has not been detected previously in the country [19, 20] . Genetic analysis also showed a high sequence similarity with the 1999 MeV in Australia that was imported from Indonesia [19] .
Before 2005, genotype D9 was not detected in the Philippines. D9 MeV infections in this period were associated with imported cases from Indonesia, East Timor, Malaysia, and Singapore where D9 was endemic [8, 16] Genotype D9 MeV was detected at an increasing rate in the Philippines since 2007. It has replaced the earlier endemic genotype G3 strain and became the predominant genotype. The increasing prevalence of D9 MeV has been detected in Taiwan, Thailand, and other neighboring countries [16, 21, 22] . In our previous study, the sequences of genotype D9 viruses that were detected in the Philippines in 2007 and 2008 shared high sequence similarity to those in Hong Kong (2007) and Taiwan (2003 and 2008) [8] . Of particular note, the genotype D9 cases in Taiwan in 2003 and 2008 were imported cases from Japan and the Philippines, respectively [23] . In this study, genotype D9 was the predominant strain in the country from July 2008 to 2011. Our data suggests that D9 MeV was responsible for the two big measles outbreak in 2010 and 2011. Figure  S1 ). During the big outbreaks in 2010 and 2011, group 3 and 4 viruses were cocirculating in the Philippines. Bayesian skyline plot analysis showed an increase in genetic diversity in 2010 and peaked in 2011 (Additional file 5: Figure S3 ), which suggests that endemic transmission of group 3 and 4 MeVs contributed to genetic diversity.
A limitation of this study is the use of partial H gene sequence for genotyping analysis. The WHO recommends the use of full H gene for genotyping [16] . However, only partial H gene sequences were obtained in this study because the samples used were from patients' sera and not from virus isolates. Patients' sera may contain low quality and insufficient amount of viral RNA. Despite this limitation, the H gene analysis was in agreement with N gene phylogeny and showed clustering of Philippines samples together with the D9 genotype reference strain and validated using two methods with a high bootstrap value of 92% for the NJ method and a posterior probability of 1.0 for the MCMC method. H gene analysis corroborated the findings of N gene phylogeny, which showed that the recent large outbreaks of measles in the Philippines were caused by D9 genotype MeV that has become established and sustained its transmission among susceptible populations. Sustained local transmission of D9 genotype MeV was supported by geographic clustering of viruses with identical sequences. This sustained transmission of MeVs in different regions of the Philippines often caused a spillover and it is associated with MeV importation to other countries. In Japan and the USA, imported cases of D9 MeV from the Philippines were documented and reported in 2010 and 2011 [9] [10] [11] . Another limitation of this study is the lack of historical support for tMRCA and mutation rate estimates. Comparison of our estimates to previously reported mean substitution rates showed similar results with MeVs in Spain, China, and other countries [12] [13] [14] [15] . Our estimates were relatively lower but overlapped with the mutation rates of other RNA viruses such as human metapneumovirus [24] and influenza A virus [25] . This suggests that MeVs, like most RNA viruses exhibit high mutation rates, short generation times, and large population sizes due to its high reproductive number [24] . Genotype D9 measles virus was not the only strain that was circulating in the Philippines from 2008 to 2011. Sporadic cases of genotype G3 MeVs were detected from July 2008 to March 2010. Genotype G3 was reported first in 1999 in Australia, where this genotype was associated with local outbreaks and importation from East Timor [26] . In 2002, genotype G3 was isolated in East Timor and Indonesia, where this genotype was found to be endemic [27] . In the Philippines, genotype G3 was detected first in 2007 and cocirculated with genotype D9 [8] . While genotype D9 was detected in all regions in the country, genotype G3 circulation was limited only in Mindanao in late 2008 and in Panay Island in 2009 and 2010. Genotypes D9 and G3 cocirculated in Panay Island in 2010 but only D9 was detected in the following year. Phylogenetic and tMRCA analyses suggest that genotype G3 MeV might be imported from East Timor and Indonesia, where G3 and D9 MeVs are endemic [16, 26] . Continued surveillance must be performed to determine if the G3 genotype would reemerge in the Philippines.
Conclusion
Genetic analysis showed that genotype D9 was responsible for the large measles outbreaks in the Philippines in 2010 and 2011. Genetic analysis revealed that genotype D9 virus became endemic in the country. Genotype G3 MeV was detected sporadically and its circulation occurred only in limited geographic parts of the country. This study highlights the importance of genetic analysis in helping with the assessment of measles elimination program in the country. This study underscores the need for continued high measles vaccination coverage to minimize the number of susceptible population, stop the transmission of endemic MeVs, prevent importation of MeVs in other countries, and meet the goal of measles elimination in the Philippines. This study provides important genetic surveillance data that can help monitor the progress of measles elimination in the country and help establish the transmission route of MeVs in the region and other parts of the world.
Methods
Clinical samples
A total of 565 serum samples that were tested positive for measles-specific IgM antibody were selected in this study. These samples were collected from suspected measles cases from different parts of the country and were sent to RITM for ELISA-based testing for anti-measles IgM antibodies [7] . At least one sample per month and per region was randomly selected from July 2008 to November 2011. Only samples that were collected within 3 days from onset of rash were included in this study. This study was approved by the Ethics Committee of Tohoku University Graduate School of Medicine and the Institutional Review Board (IRB) of RITM. Written informed consent was obtained from patients or patients' parents or guardians before samples were collected.
RNA extraction and RT-PCR
Total RNA was extracted directly from serum samples using the PureLink Viral RNA/DNA MiniKit (Invitrogen, Carlsbad, CA). RT-PCR was performed using One-Step RT-PCR kit (Qiagen, Hilden, Germany). Gene-specific primers were utilized to amplify the C-terminal region of the N gene (456 nt) and partial H gene (309 nt) using conventional PCR and nested PCR protocols as described previously [28, 29] .
Sequencing and phylogenetic analyses
PCR products were purified using SUPRIC TM -PCR (TaKaRa, Otsu, Japan) kit. Direct sequencing of PCR product was performed using BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA). Sequencing products were analyzed using the ABI Genetic Analyzer 3130 (Applied Biosystems, Foster City, CA, USA).
Phylogenetic analysis was performed using the neighbor-joining (NJ) method in Molecular Evolution Genetic Analysis (MEGA) software 5.0 [30] . Statistical support was tested using the bootstrap method with 1,000 replicates and values >60% were indicated on the branches. Sequences of reference strains for each genotype and sequences from other countries were downloaded from GenBank and were included in the phylogenetic analysis. Pairwise p-distance for each measles sequence was calculated using MEGA software 5.0.
To estimate the rate of evolution and the time to the most recent common ancestor (tMRCA) of MeV in the Philippines, a Bayesian Markov chain Monte Carlo (MCMC) method was used as implemented in the BEAST package 1.8.0 [31, 32] . For tMRCA analysis, only samples from the Philippines were included in the
